Abstract. Recent investigations indicated that morphine has protective effects in different ischemia/reperfusion models and may protect against neuronal cell death, while other evidence showed that morphine induces apoptosis in neurons. Therefore, the current study was conducted to investigate preand post-conditioning effects of morphine on hippocampal cell apoptosis in a rat model of homocysteine (Hcy)-induced oxidative stress. In the present study, 0.5 µmol/µl Hcy was injected into bilateral intrahipocampal in the rat brain and morphine at a therapeutic dose of 10 mg/kg was injected intraperitoneally 5 days before and after Hcy injection in rats. The left and right rat hippocampus were removed for biochemical and histopathological analysis. In addition, hippocampal cell apoptosis was assayed by the TUNEL kit. Our results indicated that malondialdehyde (MDA) and superoxide anion (SOA) levels in the Hcy group were increased significantly compared to the control group (P<0.001). In addition, morphine pre-and post-treatment increased the MDA and SOA levels significantly in rat hippocampus compared with other groups (P<0.001). It was found that Hcy alone induced apoptosis in hippocampus cells and significantly increased the number of TUNEL-positive cells in rat hippocampus compared to the other group (P<0.001). Notably, our results indicated that pre-and post-treatment by morphine increased apoptosis in hippocampus cells compared with the other group (P<0.001). In conclusion, morphine neuroprotection and neurotoxicity needs to be further investigated to determine morphine side-effects in medical applications and to identify new targets for potential therapies.
Introduction
Morphine has been a widely used medicine in clinics for a long time as an effective treatment for diarrhea and pain. Several lines of evidence demonstrated that morphine is neuroprotective. Involvement of opioids, currently used in severe pain treatments, and in neurodegeneration/neuroprotection mechanisms, is an important field of study. Previous findings have shown that opioid receptors are involved in neuroprotection (1, 2) .
In rat neonatal hypoxia-ischemia model, morphine application immediately after hypoxia decreased the infarct volume in the brain (1) . In zebra fish embryos, morphine at certain concentrations, enhances neuron proliferation and the number of certain neuronal populations and also protects against glutamate damage in motor neurons and Pax-6-positive neurons in vivo (3) . In addition, morphine is protective against microglia-mediated lipopolysaccharide-or 1-methyl-4-phenylpyridinium-induced dopaminergic neurotoxicity in rat primary mesencephalic neuron/glia cultures (4) . In rat neuronal/glial cultures, morphine was reported to prevent cell death induced by HIV envelope glycoprotein gp120IIIB or BaL (5) . Exogenous morphine pre-incubation improves the population of spike amplitudes of evoked field potentials, indicating that pre-conditioning with morphine may be neuroprotective (6) . In addition, morphine pre-conditioning induces opioid receptor-dependent neuroprotection against ischemia in rats and reduces ischemia-induced cell death in the CA1 regions of hippocampal slices (2) . In mouse hippocampus slices with oxygen-glucose deprivation, morphine pre-conditioning improves the neuronal cell survival rate through protein kinase C (7). However, many investigations showed that morphine could protect against neuronal cell death, there are several lines of evidence suggesting that morphine induces apoptosis in neurons. The long-term effect of morphine on cerebral neurons indicates that use of opioids may induce the structural alteration of neurons. On the other hand, morphine is associated with increased metabolism and oxidative damage to cells by reducing the intracellular dopamine level which leads to neuronal death (8) . Previous findings have also shown that repeated application of morphine is neurotoxic for the neuronal system and spinal cord and Morphine pre-and post-conditioning exacerbates apoptosis in rat hippocampus cells in a model of homocysteine-induced oxidative stress AHMAD KARKHAH 1,2 , RAMIN ATAEE 3 and AMIN ATAIE triggers apoptosis (9) . In addition, it was reported that morphine may cause neuronal apoptosis by altering the expression of Fas, Bcl-2 and caspase-3 (10). Therefore, because improved understanding of morphine neuroprotection and neurotoxicity may be useful to control morphine side-effects in medical applications and to identify new targets for potential therapies and prevention strategies to opioid addiction, the present study was conducted to investigate the pre-and post-conditioning effects of morphine on hippocampal cell apoptosis in a rat model of homocysteine (Hcy)-induced oxidative stress.
Materials and methods
Drugs and biochemical reagents. D-L-homocysteine, morphine, butylhydroxytoluene (BHT), 2-thiobarbituric acid (TBA), 1. 
Intrahippocampus injection (stereotaxic surgery).
After anaesthetization with Ketamine-Xylosin (10 mg/kg i.p.), the rats were placed in a stereotaxic frame and the skull of the rats was orientated according to Paxinos and Watson stereotaxic atlas (11) . After a sagittal incision, the bregma suture was located and holes were drilled with an electrical drill at the following co-ordinates; 3.3 mm posterior to bregma, 2.6 mm lateral to the sagittal suture and 3.6 mm ventral. Care was taken not to damage the meninges. A Hamilton syringe with a cannula of a diameter of 0.3 mm was used to inject 1 µl of 0.5 µmol/µl Hcy solution or its vehicle (PBS). The injection was carried out in the left and right dorsal hippocampus at a rate of 1 µl per 2 min. The cannula was left in situ for a further 5 min following Hcy injection to allow passive diffusion from the cannula tip and to minimize spread into the injection tract. The cannula was then slowly removed and the scalp was then closed with sutures. The animals were kept warm until recovery from the anesthesia.
Hippocampus removal. Five days after Hcy injection, the rats were sacrificed and the brain was exposed by making an incision through the bone on either side of the parietal suture, from the foramen magnum to near the orbit. The calvarium was removed, exposing the brain; the left and right hippocampus were removed carefully, immediately inserted in PBS solution (0.1 M) and stored at -70˚C for the use in biochemical or histopathological analysis.
Hippocampus histopathological analysis. Hippocampal tissues were removed and fixed in 10% neutral-buffered formaldehyde for 24 h, embedded in paraffin and cut into 3-4 µm sections by a microtome (Leica SM2000R; Leica Biosystems, Nussloch, Germany). The tissue sections were deparaffinised in xylene. The slides were stained with hematoxylin and eosin (H&E) according to the procedure in Wilson and Gamble (2002), and viewed under a light microscope (Labomed, Los Angeles, CA, USA) for the structure and morphology of cells. Microscopic images were obtained by a CCD camera and Digipro software.
Assay of malondialdehyde (MDA) in hippocampal homogenate.
On the day of experiment, left and right hippocampus of rat were weighed (estimate 0.7 g), and homogenized (10% w/v) in 0.1 M PBS with Polytron homogenizer at pH 7.4. Homogenates were used immediately for detection of the biomarkers of lipid peroxidation. Lipid peroxidation was determined according to the modified method (11) . Hippocampal homogenates (1 ml) were incubated at 37˚C in an oscillating water bath for 1 h. At the end of the incubation period, 0.5 ml of BHT (0.5 mg/ml in absolute ethanol) and 1 ml of TCA (25%) were added. The tubes were sealed and heated for 10 min in a boiling water bath to release MDA (the end product of lipid peroxidation) from proteins. To avoid adsorption of MDA to insoluble proteins, the samples were cooled to 4˚C and centrifuged at 2,000 x g for 20 min. Following centrifugation, 2 ml of the protein-free supernatant was removed from each tube and 0.5 ml of TBA (0.33%) was added to this fraction. All the tubes were heated for 1 h at 95˚C in a water bath. After cooling, the TBA-MDA complexes were extracted with 2 ml butanol. The light absorbance was red at 532 nm on UV/visible spectrophotometer and MDA levels were determined from standard curve generated from 1,1,1,3 tetramethoxy propan. The results were represented as nmol/mg wet tissue.
Assay of superoxide anion (SOA) in hippocampal homogenate.
For detection of SOA the assay procedure was a modification of the method described by Das et al (12) . Hippocampal homogenate (1 ml) was incubated with 0.4 ml of NBT (0.1%) in an oscillating water bath for 1 h at 37˚C. Termination of the assay and extraction of the reduced NBT was carried out by centrifuging the samples for 10 min at 2,000 x g followed by resuspension of the pellets with 2 ml of glacial acetic acid. The absorbance was measured at 560 nm on a spectrophotometer and converted to micromoles of Diformazan using a standard curve generated from NBD. The results were represented as µmol/mg wet tissue. ethanol was added to the slides after which they were allowed to stand for a minimum of 30 min in the freezer. Following the removal of ethanol, the slides were washed with washing buffer one more time. The slides were incubated in the prepared staining solution for 60 min at 37˚C. Subsequently, rinse buffer was added to each slide for 5 min. The rinsing step was repeated one more time. Propidium iodide/RNase A solution was added to the slides and incubated in the dark for 30 min at room temperature. At the end of the experiments, apoptosis analysis was carried out using a fluorescence microscopy Ex/Em wavelength (Ex/Em = 495/519 nm).
Statistical analysis. The apoptosis levels of sham, Hcy, and morphine-Hcy groups were determined. The percentage of cell death was measured separately. Data are presented as means ± standard error of the mean (SEM) and analyzed by one-way analysis of variance (ANOVA). The data of biochemical studies were expressed as means ± SEM and analyzed using one-way ANOVA. P<0.05 was considered statistically significant.
Results

Histopathological analysis and validation of model.
The results showed that there were significant differences in the morphology and structure of hippocampus cells between experimental groups. On the other hand, our findings indicated that the cell density of dentate gyrus (cell count per mm 2 ) in the Hcy group was significantly (P<0.001) lower than that of the control group (Fig. 1) .
Estimation of oxidative stress parameters. Fig. 2 shows the effects of drugs on lipid peroxidation. One-way ANOVA indicated that MDA level in the Hcy group was increased significantly compared to the sham group (P<0.001). Morphine pre and post treatment increased the MDA level significantly in rat hippocampus compared with the other groups (P<0.001). Fig. 3 shows the effects of drugs on SOA level (µmol/mg wet tissue) in the rat hippocampal homogenate. One-way ANOVA indicated that SOA level in the Hcy group was significantly greater than that of the sham group. In addition, morphine pre-and post-treatment led to a significant increase in the SOA level (P<0.001).
Evaluation of hippocampus cell apoptosis. As shown in Fig. 4 , TUNEL staining was used to evaluate hippocampus cell apoptosis. It was found that Hcy could separately induce apoptosis in hippocampus cells and significantly increased the number of TUNEL-positive cells in rat hippocampus compared to the control group (P<0.001). Of note, our results indicated that morphine pre-and post-treatment did not decrease TUNEL-positive cells in rat hippocampus cells compared with the other groups (Fig. 5) . Furthermore, pre-and post-treatment by morphine increased apoptosis in hippocampus cells compared with the other groups (P<0.001).
Discussion
Opioids as strong analgesics have been used in pain treatment for more than 100 years (13) . Previous results suggested that morphine possesses some neuroprotective effects in different ischemia/reperfusion models (14) . However, many investigations showed that morphine could protect against neuronal cell death, there are several lines of evidence suggest that morphine could induce apoptosis in neurons. Therefore, the current study was conducted to investigate the pre-and post-conditioning effects of morphine on hippocampal cell apoptosis in a rat model of Hcy-induced oxidative stress. Our results showed that Hcy separately induced apoptosis in hippocampus cells and significantly increased the number of TUNEL-positive cells in rat hippocampus compared to the control group. In addition, MDA and SOA levels in the Hcy group were increased significantly compared to the control group. It was in accordance with previous reports that the expression of apoptosis regulatory proteins, Bax and Bcl-2, would be altered by Hcy (15) . It was also suggested that Hcy generates reactive oxygen species, which attacks the polyunsaturated fatty acids of neuronal cell membranes and induces lipid peroxidation in the hippocampus (16) . Hcy is a non-protein amino acid, or thiol-containing amino, which is derived from methionine (17) . Elevated plasma Hcy levels have been associated with high incidence of atherosclerotic and neurodegenerative disorders, such as Alzheimer's disease and dementia (18, 19) . Evidence shows that Hcy is toxic to neuronal cells both in vitro and in vivo (20, 21) and can cause calcium influx, oxidative stress, neuroinflammation and neuronal apoptosis (22) . Kruman et al also demonstrated that Hcy elicits a DNA damage response in rat hippocampal neurons that promotes apoptosis and hypersensitivity to excitotoxicity (21) . In addition, Maler et al reported that Hcy induces cell death of rat astrocytes in vitro (23) . Moreover, several animal models have shown a role of Hcy in cerebrovascular pathology, cognitive decline and learning disabilities (24) . Additionally, in our previous reports, we demonstrated the neuroprotective effects of the polyphenolic antioxidant agent, Curcumin, against Hcy-induced cognitive impairment and oxidative stress in the rat (25) . In previous reports by our research group, Hcy decreased locomotor activities significantly in rats as well as it could induce apoptosis in substantia nigra cells (26) . Therefore, our previous experiences and use of Hcy in other published studies as animal models to induce oxidative stress, neuroinflammation and neuronal apoptosis can confirm the success of the model. Moreover, the present study was substantially revised and developed by further experiments such as analysis of structure and morphology of hippocampal cells by H&E and assay of MDA and SOA in hippocampal homogenate which can approve the success of the model.
Our results have demonstrated that morphine pre-and post-treatment could not decrease TUNEL-positive cells in rat hippocampus cells. On the other hand, pre-and post-treatment by morphine increased apoptosis in hippocampus cells compared with the other group. Contrast to our results, previous studies suggested neuroprotective effects of morphine against neuronal cell death. In rat neuronal/glial cultures, morphine was reported to prevent cell death induced by HIV envelope glycoprotein gp120IIIB or BaL (5). In addition, Zhao et al reported that morphine pre-conditioning induces opioid receptor-dependent neuroprotection against ischemia in rats and reduces ischemia-induced cell death in the CA1 regions of hippocampal slices (2) . Several lines of evidence indicated that the induction of estradiol release in hippocampal neurons by morphine induces upregulation of heat shock protein 70 that protects against neuronal damage and cell death (27) . Despite these facts, several other investigations confirmed our results. Liu et al stated that long-term use of morphine can induce neuronal apoptosis in the brain by increasing the expressions of pro-apoptotic Fas and caspase-3 and decreasing the anti-apoptotic Bcl-2 expression as an underlying mechanism for the opiate-induced neuronal damage (8) . Moreover, in an investigation regarding the effect of morphine on apoptosis in the nucleus accumbens in rat brain, the results showed that apoptotic factors increased in all the groups treated with morphine (28) . It can be hypothesized that these apoptotic effects may be attributed to effects of opioids on neuronal structure (cytoskeleton), which can lead to neuronal damage.
Taken together, our data suggested that morphine pre-and post-conditioning exacerbates apoptosis and oxidative stress in hippocampus cells. Although this study achieved its aims, there were some unavoidable limitations. First, because the neuroprotective or neurotoxic effect of morphine may be related to dose, a dose-escalating treatment is suggested to be performed in future studies. Second, future investigations should consider a protective or neurotoxic effect of morphine through analysis of the expression of pro-and anti-apoptotic genes on mRNA and/or protein level and metabolism genes. Finally, since improved understanding of morphine neuroprotection and neurotoxicity is useful to control morphine side-effects in medical applications and to identify new targets for potential therapies and prevention strategies to opioid addiction, further studies are needed to reveal the exact mechanism of morphine in cell death process (apoptosis) or the neuroprotective properties of morphine should be studied in more detail.
